Loss-of-function or inactivating mutations in the genes coding for kisspeptin and its receptor (KISS1R) or neurokinin B (NKB) and the NKB receptor (NK3R) in humans result in a delay in or the absence of puberty. However, precise mechanisms of kisspeptin and NKB signaling in the regulation of the pubertal increase in gonadotropin-releasing hormone (GnRH) release in primates are unknown. In this study, we conducted a series of experiments infusing agonists and antagonists of kisspeptin and NKB into the stalk-median eminence, where GnRH, kisspeptin, and NKB neuroterminal fibers are concentrated, and measuring GnRH release in prepubertal and pubertal female rhesus monkeys. Results indicate that (1) similar to those previously reported for GnRH stimulation by the KISS1R agonist (i.e., human kisspeptin-10), the NK3R agonist senktide stimulated GnRH release in a dose-responsive manner in both prepubertal and pubertal monkeys; (2) the senktideinduced GnRH release was blocked in the presence of the KISS1R antagonist peptide 234 in pubertal but not prepubertal monkeys; and (3) the kisspeptin-induced GnRH release was blocked in the presence of the NK3R antagonist SB222200 in the pubertal but not prepubertal monkeys. These results are interpreted to mean that although, in prepubertal female monkeys, kisspeptin and NKB signaling to GnRH release is independent, in pubertal female monkeys, a reciprocal signaling mechanism between kisspeptin and NKB neurons is established. We speculate that this cooperative mechanism by the kisspeptin and NKB network underlies the pubertal increase in GnRH release in female monkeys. (Endocrinology 158: 3269-3280, 2017) G enetic studies in humans and experimental approaches in animals indicate that kisspeptin and neurokinin B (NKB) and their respective receptors (KISS1R and NK3R) play a critical role in puberty and adult reproduction. Loss-of-function mutations in the genes coding for kisspeptin or its receptor in humans result in a delay in or the absence of puberty (1, 2), and inactivating mutations in the genes coding for NKB and its receptor in humans result in the failure of puberty initiation (3). Animal experiments in various species further suggest that kisspeptin and NKB neurons are involved in pulsatile release of gonadotropin-releasing hormone (GnRH) (4, 5). However, it is unclear whether kisspeptin and NKB signaling are responsible for the pubertal increase in GnRH release (6) or are involved in puberty as a component of GnRH pulse-generation.
G enetic studies in humans and experimental approaches in animals indicate that kisspeptin and neurokinin B (NKB) and their respective receptors (KISS1R and NK3R) play a critical role in puberty and adult reproduction. Loss-of-function mutations in the genes coding for kisspeptin or its receptor in humans result in a delay in or the absence of puberty (1, 2) , and inactivating mutations in the genes coding for NKB and its receptor in humans result in the failure of puberty initiation (3) . Animal experiments in various species further suggest that kisspeptin and NKB neurons are involved in pulsatile release of gonadotropin-releasing hormone (GnRH) (4, 5) . However, it is unclear whether kisspeptin and NKB signaling are responsible for the pubertal increase in GnRH release (6) or are involved in puberty as a component of GnRH pulse-generation.
Previous studies in this laboratory indicated that in female rhesus monkeys, (1) the pubertal increase in kisspeptin release occurs in parallel to the pubertal increase in GnRH release (7); (2) similar to the developmental increase in GnRH release (6, 8) , the developmental increase in kisspeptin release is independent from ovarian steroids (9) ; and (3) GnRH neuron sensitivity to kisspeptin increases after puberty onset (10) , indicating that, although an increased amount of kisspeptin signaling (9) contributes to the pubertal increase in GnRH release, kisspeptin signaling per se may not be responsible for puberty onset in female monkeys. Nevertheless, a report of a study of male monkeys showed NKB signaling is upstream of kisspeptin signaling (11) , thus raising a possibility that circuitry formation between kisspeptin and NKB neurons in the hypothalamus is important for the pubertal increase in GnRH release, rather than respective contributions of kisspeptin and NKB signaling. Therefore, in the current study, we examined whether there is a hierarchy between kisspeptin and NKB signaling in regulation of GnRH release in developing female monkeys and, if so, whether the hierarchal relationship between kisspeptin and NKB signaling undergoes pubertal changes, using a microdialysis method.
Materials and Methods

Animals
A total of five prepubertal [mean age 6 standard error of the mean (SEM), 17.2 6 0.9 months old] and seven pubertal (mean age 6 SEM, 35.6 6 2.9 months old) ovarian intact female rhesus monkeys (Macaca mulatta) were used in this study. All animals were born and raised at the Wisconsin National Primate Research Center. They were housed in pairs (cages are 172 3 86 3 86 cm) with a 12-hour light/dark cycle and at a controlled temperature (22°C). They were fed a standard diet of Teklad Global Diets 20% Protein Primate Diet (Envigo, Madison, WI) twice per day and water was available ad libitum. Fresh fruit and other enrichment was provided daily.
Pubertal stages of female rhesus monkeys were defined as previously reported (12) . Briefly, prepubertal stage animals were defined by no physical signs of puberty, low circulating levels of estradiol and luteinizing hormone (LH), and typically younger than 22 months. The pubertal stage was defined by elevated circulating levels of estradiol, clear nocturnal increases in LH, and physical signs of puberty (development of perineal sex-skin, larger nipple size, and vaginal bleeding, but no ovulation). The protocol was approved by the Animal Care and Use Committee, University of Wisconsin-Madison, in accordance with the National Institutes of Health and US Department of Agriculture guidelines.
Experimental design
To examine developmental changes in GnRH release and the NKB-induced changes in kisspeptin release, three series of in vivo microdialysis experiments were conducted in prepubertal and pubertal female rhesus monkeys. In experiment 1, to investigate whether NKB signaling to GnRH neurons or kisspeptin neurons undergoes developmental change in female monkeys, we examined the effects of two doses (0.1 mM and 10 mM) of the NKB agonist senktide (Sigma-Aldrich, St. Louis, MO) on GnRH release (experiment 1a) and kisspeptin release (experiment 1b) in prepubertal (n = 6) and pubertal (n = 6) female monkeys. The doses of senktide were based on a study by Ramaswamy et al. (11) . Control data were obtained from vehicle infusion in the same prepubertal (n = 6) and pubertal (n = 6) animals. After at least 60-minute dialysate collections for assessment of baseline GnRH and kisspeptin levels, senktide or vehicle was infused into the stalk-median eminence (S-ME) for 20 minutes and dialysate sampling was continuously collected for an additional 80 minutes.
In experiment 2, to determine whether NKB signaling to GnRH neurons is mediated through kisspeptin neurons and, if so, whether this signaling network undergoes a developmental change, we examined the effects of senktide on GnRH release in the presence or absence of the kisspeptin antagonist peptide 234 (P234; kindly provided by Dr. Robert P. Millar, University of Edinburgh, Edinburgh, United Kingdom) in prepubertal (n = 6) and pubertal (n = 6) female monkeys. For the senktide dose, we used the lower dose (0.1 mM); the dose of P234 (0.1mM) was based on our previous study in prepubertal and pubertal female monkeys (10) . Again, after the minimum 60-minute baseline collections for GnRH levels, P234 or vehicle was infused for 60 minutes; during the last 20 minutes of the P234 or vehicle infusion, senktide infusion was added while dialysates were continuously collected at 20-minute fractions.
In experiment 3, to determine whether kisspeptin signaling to GnRH neurons is mediated through NKB neurons and, if so, whether this signaling network undergoes a developmental change, we examined the effects of the kisspeptin agonist human kisspeptin-10 [hKP10; (112-121)-amide; Phoenix, Burlingame, CA] on GnRH release in the presence or absence of the NKB antagonist SB222200 (Sigma-Aldrich) in prepubertal (n = 6) and pubertal (n = 6) female monkeys. The dose of hKP10 (0.1 mM) was based on our previous study (10) and the dose of SB222200 (1 mM) was based on a study by Ramaswamy et al. (13) . Again, after the minimum 60-minute baseline collections for GnRH levels, SB222200 or vehicle was infused for 60 minutes; during the last 20 minutes of the SB222200 or vehicle infusion, hKP10 infusion was added while dialysates were continuously collected at 20-minute fractions. As a control, the effects of SB222200 infusion alone were also tested. In experiments 2 and 3, we did not measure kisspeptin, because both hKP10 and P234 interfere with our kisspeptin assay. Experiment 1 was conducted first and then experiments 2 and 3 were concurrently conducted. In a single microdialysis session, multiple drug (or vehicle) challenges were given at 3-to 4-hour intervals, but the same challenge was never repeated in a single microdialysis session.
Cranial pedestal implantation and guide cannula insertion
All animals were well adapted to the primate chair, experimental conditions, and researchers before experimentation. At least 1 month before experimentation, all animals were implanted with cranial pedestals under isoflurane anesthesia, as previously described (14, 15) . On the morning of the experiment, monkeys were anesthetized with ketamine (10-15 mg/kg body weight) and dexmedetomidine (up to 3.0 g/kg body weight), placed in a stereotaxic apparatus, and fitted with a microdrive unit. A guide cannula with inner stylet was secured to the microdrive unit for precise placement of the stylet tip 5 mm above the base of the infundibular recess. The custommade guide cannula (Harvard Apparatus, Holliston, MA), consisting of a stainless-steel shaft (76.0-mm long, 0.91-mm diameter) and a removable stainless steel stylet (96.0-mm long, 0.6-mm diameter). Radiographs were used to confirm the x, y, and z coordinates of the stylet tip. After confirming guide cannula position, the animal was removed from the stereotaxic apparatus and seated in the primate chair.
Microdialysis experiment
Once in the primate chair, the inner stylet was removed from the guide cannula and a microdialysis probe (stainless-steel shaft: 96.0-mm long, 0.6-mm diameter) with a polyarylethersulfone membrane (20-kDa molecular mass cutoff, 5.0-mm long, 0.5-mm diameter) was inserted into the guide cannula, such that the tip of the probe is located in the S-ME as previously described (15) . The mean and range of the microdialysis probe-tip placements in each age group, assessed by the stylet-tip position, are illustrated in Fig. 1 .
Central nervous system perfusion fluid (artificial cerebrospinal fluid: 147 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl 2 , 0.85 mM MgCl 2 ; Harvard Apparatus) containing bacitracin (4 U/mL) was infused into the S-ME through the microdialysis probe at 2 mL/min using a 2.5-mL Hamilton syringe (Reno, NV) and a CMA/102 microdialysis pump (Harvard Apparatus). All agonists and antagonists were prepared per manufacturer's directions and stored. On the day of experiment, they were diluted to final concentrations with artificial cerebrospinal fluid and filtered for sterility with 0.22 mm of PES filter (Millex GP, Darmstadt, Germany) before infusion. In vitro tests determined that at the same infusion rate (2 mL/min), 10% to 12% of the administered agonist or antagonist concentration diffused through the probe membrane into the S-ME (15) . Dialysate collections were initiated 2 hours after probe insertion and continued for up to 10 hours. Dialysates (40 mL) were collected at 20-minute intervals with a fraction collector (model FC203B; Gilson, Middleton, WI). Samples were immediately aliquoted into two borosilicate tubes, 20 mL each, frozen on dry ice, and stored at 280°C for later assay of peptides.
During the experiment, the animals were provided monkey chow, fresh fruit, other enrichments, and water ad libitum. They were near a partner monkey for visualization and vocalization. Animals were returned to their home cage for a minimum of 3 weeks before subsequent experimentation.
Radioimmunoassay
Samples were thawed immediately before the assay. A radioimmunoassay for GnRH measurement was conducted using the R42 antiserum provided by Dr. Terry Nett (Colorado State University, Fort Collins, CO), as previously described (14) . Assay sensitivity was 0.02 pg per tube. Intra-and interassay coefficients of variation were 8.3% and 10.9%, respectively. Radioimmunoassay for kisspeptin was conducted using the GQ2 antiserum provided by Dr. Stephen Bloom (Imperial College London, London, United Kingdom), as previously described (7). Assay sensitivity was 0.05 pg per tube or 1.0 pg/mL. Intra-assay and interassay coefficients of variation were 10.1% and 13.9%, respectively.
Statistical analysis
In this study, a total of five prepubertal and seven pubertal female monkeys were used. Because the three experiments were conducted successively or concurrently, most animals were used in two to three experiments. Statistical analysis was conducted with n = 6 per group in a minimum of four different animals. That is, in some experiments the data from one of the five animals had two trials or two of the four animals had two trials. The rationale for the two trials as an independent entry for statistical analysis is based on the fact that the data of each trial were obtained 2 to 5 months apart and animals are growing. That is, two trials within a stage were conducted at different developmental ages and the placement of the microdialysis probe was different for each trial. For all experiments, mean (6 SEM) GnRH or kisspeptin levels were calculated. Additionally, area under the curve (AUC) after the initiation of agonist/ antagonist challenge was calculated as follows: (1) In each animal, average GnRH or kisspeptin levels during the baseline period (-60 to 0 minutes) were calculated, (2) the sum of GnRH or kisspeptin levels during the 20-minute blocks up to 100 minutes after the initiation of challenge above the baseline was calculated, (3) group mean (6 SEM) was calculated for each challenge, and (4) significance between doses within a developmental stage or between developmental stages (prepubertal vs pubertal) at the same dose was determined. Two-way analysis of variance with repeated measures followed by Bonferroni post hoc test were applied for statistical comparison using GraphPad Prism (San Diego, CA). Differences were considered significant at P # 0.05.
Results
Developmental changes in GnRH release in response to senktide (experiment 1a)
To assess the contribution of NKB signaling to GnRH release across puberty, we examined the effects of two doses of the NKB agonist senktide on GnRH release in prepubertal and pubertal female rhesus monkeys using in vivo microdialysis. In prepubertal monkeys, infusion of 0.1 and 10 mM senktide into the S-ME stimulated GnRH release in a dose-responsive manner (Fig. 2B and 2C) . Similarly, in pubertal monkeys, infusion of 0.1 and 10 mM senktide stimulated GnRH release in a dose-responsive manner ( Fig. 2E and 2F ). Vehicle infusion did not induce any changes ( Fig. 2A and 2D ).
Statistical analysis indicated that senktide effects at both doses in prepubertal monkeys were significant (P , 0.01 for low-dose senktide and P , 0.0001 for high-dose senktide; Fig. 3A and 3C ) when compared with vehicle infusion (Fig. 3E) . Post hoc analysis indicated that the GnRH responses to senktide during the 20-minute infusion at both doses (P , 0.01 for 0.1 mM senktide and P , 0.0001 senktide for 10 mM) and the 20 to 60 minutes after the initiation of the 10-mM senktide infusion were higher (P , 0.0001 for 20-to 40-minute and P , 0.05 for 40-to 60-minute infusions) than the preinfusion levels as well as the corresponding period of vehicle control. Similarly, in pubertal female monkeys, the group data indicated that increases in GnRH release induced by senktide at both doses were significant (P , 0.001 for the low dose and P , 0.0001 for the high dose; Fig. 3B and 3D) compared with vehicle infusion (Fig. 3F) . Post hoc analysis indicated that the pubertal GnRH responses to senktide during the 20-minute infusion at both doses (P , 0.001 for 0.1 mM and P , 0.0001 for 10 mM) and the 20 to 60 minutes after the initiation of the 10-mM senktide infusion were higher (P , 0.0001 for 20-40 minutes and P , 0.05 for 40-60 minutes) than the preinfusion levels as well as the corresponding period of vehicle control.
Additionally, calculation of the AUC for induced GnRH release indicated that senktide induced GnRH increases in a dose-responsive manner in both prepubertal (Fig. 4A) and pubertal (Fig. 4B) monkeys.
Comparison between the two developmental stages indicated that the induced GnRH increase in the pubertal group was not different than that in the prepubertal group at a respective dose. Developmental changes in kisspeptin release in response to senktide (experiment 1b)
To assess the contribution of NKB signaling to kisspeptin release across puberty, we examined the effects of senktide on kisspeptin release in prepubertal and pubertal female monkeys. Similar to GnRH release, senktide stimulated kisspeptin release in a dose-responsive manner in both prepubertal and pubertal monkeys (Fig. 5) . Group data indicated that in prepubertal monkeys, 0.1 mM and 10 mM senktide stimulated kisspeptin release (P , 0.001 and P , 0.0001, respectively; Fig. 6A and 6C ) when compared with vehicle control (Fig. 6E) . Post hoc analysis indicated that the prepubertal kisspeptin responses to senktide during the 20-minute infusion at both doses were higher than preinfusion levels as well as with Figure 3 . Group data (mean 6 SEM; n = 6 in all) showing that senktide infusion into the S-ME stimulated GnRH release in prepubertal monkeys and pubertal monkeys. Animals were treated with (A, B) 0.1 mM senktide, (C, D) 10 mM senktide, and (E, F) vehicle. In the prepubertal group, both 0.1 mM and 10 mM senktide significantly (P , 0.01 and P , 0.0001, respectively) increased GnRH release over the baseline levels and the effects of senktide at both doses were significantly larger (P , 0.01 for 0.1 mM and P , 0.0001 for 10 mM) than those in vehicle. Similarly, in pubertal monkeys, both 0.1 mM and 10 mM senktide significantly (P , 0.001 and P , 0.0001, respectively) stimulated GnRH release over the baseline levels and the effects of senktide at both doses were also significantly larger (P , 0.001 for 0.1 mM and P , 0.0001 for 1 mM) than those in vehicle. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001 vs vehicle infusion; https://academic.oup.com/endothe corresponding period of vehicle control (P , 0.001 for 0.1 mM and P , 0.0001 for 10 mM). In pubertal monkeys, 0.1 mM and 10 mM senktide induced robust increases in kisspeptin release (P , 0.001 and P , 0.0001, respectively; Fig. 6B and 6D ), when compared with vehicle control (Fig. 6F) . Post hoc analysis indicated that the pubertal kisspeptin response to senktide at both doses was higher than preinfusion levels as well as with the corresponding period of vehicle control (P , 0.001 for 0.1 mM and P , 0.0001 for 10 mM). Senktideinduced kisspeptin increases lasted longer than the induced GnRH increases in the pubertal animals only, up to 80 and 100 minutes for the low-and high-dose, respectively. Calculation of the AUC for induced kisspeptin release indicated that senktide induced kisspeptin increases in a dose-responsive manner in both prepubertal (Fig. 4C) and pubertal (Fig. 4D ) monkeys. However, unlike the senktide-induced GnRH release, comparison between the two developmental stages indicated that the senktideinduced kisspeptin increase in the pubertal group was significantly larger than that in the prepubertal group at a respective dose (P , 0.001 for 0.1 mM and P , 0.0001for 10 mM).
P234 blocked the senktide-induced GnRH release in pubertal but not prepubertal female monkeys (experiment 2)
To determine whether NKB signaling to GnRH release is mediated through KISS1R activation and if the signaling network between NKB and kisspeptin undergoes developmental change, we examined whether the 0.1 mM senktide-induced GnRH release occurred in the presence of the kisspeptin antagonist P234 (0.1 mM) in prepubertal and pubertal monkeys. Consistent with the results in experiment 1, senktide without P234 significantly stimulated GnRH increase in both prepubertal and pubertal monkeys (P , 0.01 and P , 0.001, respectively; Fig. 7A-D) . However, senktide in the presence of P234 failed to induce GnRH increases in the pubertal group ( Fig. 7B and 7F ), but only delayed the senktide-induced GnRH response in the prepubertal group (Fig. 7A and  7E ). That is, the senktide-induced GnRH increase did not occur during the 20-minute senktide infusion but occurred during the first 20 minutes after the senktide infusion. Although P234 infusion alone induced a small decrease in GnRH release, similar to our previous report (10) , post hoc analysis indicated that P234 did not cause significant changes in GnRH release in either age group (Fig. 7G and 7H) .
The AUC for induced GnRH release further indicated that in the prepubertal group (Fig. 4A) , the presence or absence of P234 did not change the level of senktideinduced GnRH release. In contrast, in the pubertal group (Fig. 4B) , the senktide-induced GnRH release without P234 was significantly larger (P , 0.01) than with P234.
SB222200 suppressed the hKP10-induced GnRH release in pubertal but not prepubertal female monkeys (experiment 3)
We have shown that a 20-minute infusion of 0.1 mM hKP10 into the S-ME induces a developmental increase in mean GnRH release in female rhesus monkeys (10). To Figure 6 . Group data (mean 6 SEM; n = 6 in all) showing that senktide infusion into the S-ME stimulated kisspeptin release in prepubertal and pubertal monkeys. Animals were treated with (A, B) 0.1 mM senktide, (C, D) 10 mM senktide, and (E, F) vehicle. In the prepubertal group, both 0.1 mM and 10 mM senktide significantly (P , 0.01 and P , 0.0001, respectively) increased kisspeptin release over the baseline levels, and the effects of senktide at both doses were significantly larger (P , 0.01 for 0.1 mM and P , 0.0001 for 10 mM) than those in vehicle. Similarly, in pubertal monkeys, both 0.1 mM and 10 mM senktide significantly (P , 0.001 and P , 0.0001, respectively) stimulated kisspeptin release over the baseline levels, and the effects of senktide at both doses were also significantly larger (P , 0.001 for 0.1 mM and P , 0.0001 for 1 mM) than those in vehicle. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001 vs vehicle infusion; showing modification of the 0.1 mM senktide-induced GnRH release by the kisspeptin antagonist P234 (0.1 mM) in prepubertal and pubertal monkeys. Senktide induced GnRH release in the absence of P234 in both (C) prepubertal (P , 0.01) and (D) pubertal (P , 0.001) monkeys when compared with baseline or vehicle infusion GnRH levels. However, in the presence of P234, the senktideinduced GnRH release was absent in (F) pubertal monkeys (P . 0.05), whereas in prepubertal monkeys, senktide induced GnRH release with a 20-minute delay. The senktide-induced GnRH release in (C) prepubertal monkeys was significantly larger (P , 0.0001) than baseline GnRH levels. (G, H) In both stages, P234 alone did not alter GnRH release. **P , 0.01, ***P , 0.001, ****P , 0.0001 vs vehicle infusion; determine whether kisspeptin signaling to GnRH release is mediated through NK3R activation and if the signaling network between kisspeptin and NKB undergoes developmental change, we examined whether 0.1 mM hKP10-induced GnRH release occurred in the presence of the NKB antagonist SB222200 (1.0 mM) in prepubertal and pubertal monkeys. Similar to our previous report (10) , hKP10 without SB222200 stimulated increases in GnRH release in both prepubertal and pubertal monkeys (P , 0.0001 for both developmental stages; Fig. 8A-D) . However, the presence of SB222200 dramatically changed the profile of the hKP10-induced GnRH increase in pubertal monkeys; that is, the hKP10-induced GnRH increase was completely suppressed by SB222200 (Fig. 8F) , whereas, in prepubertal females, the presence of SB222200 did not significantly alter the profile of hKP10-induced GnRH increase (Fig. 8E) . SB222200 infusion alone did not significantly alter GnRH release in either age group (Fig. 8G and 8H) .
The AUC for induced GnRH release further indicated that in the prepubertal group (Fig. 4E) , the presence or absence of SB222200 did not change the level of hKP10-induced GnRH release. In contrast, in the pubertal group (Fig. 4F) , the hKP10-induced GnRH release without SB222200 was significantly larger (P , 0.001) than with SB222200.
Discussion
In this study, we found infusion of the NKB receptor agonist senktide into the S-ME stimulated both GnRH release and kisspeptin release in prepubertal and pubertal female monkeys in a dose-responsive manner. Interestingly, although the senktide-induced GnRH release and kisspeptin release were both dose dependent and the senktide-induced kisspeptin release in pubertal females was greater than in prepubertal females, there was no developmental difference in the senktide-induced GnRH release. Second, infusion of the kisspeptin receptor antagonist P234 blocked the senktide-induced GnRH release only in pubertal female monkeys, indicating that NKB signaling is mediated by kisspeptin neurons in pubertal, but not prepubertal, female monkeys. Third, infusion of the NKB receptor antagonist SB222200 blocked the hKP10-induced GnRH release only in pubertal female monkeys, indicating that kisspeptin signaling is mediated by NKB neurons in pubertal, but not prepubertal, female monkeys. Together, these results suggest that in female rhesus monkeys before puberty onset, kisspeptin and NKB neurons independently signal to GnRH neurons, whereas after puberty onset, they form a network resulting in a higher level of signaling to GnRH release. Consistent with our previous study (10), 20-minute infusion of hKP10 significantly stimulated GnRH release and hKP10-induced GnRH release in pubertal females was larger than that in prepubertal females (Figs. 4 and  8) . Together, the kisspeptin-induced GnRH release increases developmentally in a linear fashion and GnRH release in response to kisspeptin signaling becomes more sensitive after puberty onset (10) . However, in the current Figure 8 . Representative cases and group data (mean 6 SEM) showing modification of the 0.1 mM hKP-10-induced GnRH release by the NKB antagonist, SB222200 (0.1 mM) in prepubertal and pubertal monkeys. hKP10 stimulated GnRH release in the absence of SB222200 in both (C) prepubertal (P , 0.0001) and (D) pubertal (P , 0.0001) monkeys when compared with baseline or vehicle infusion GnRH levels. However, in the presence of SB222200, the hKP10-induced GnRH release was absent in (F) pubertal monkeys (P . 0.05), whereas in (E) prepubertal monkeys, hKP10-stimulated GnRH release (P , 0.0001) was unaltered. (G, H) In both stages, SB222200 alone did not significantly alter GnRH release. **P , 0.01, ***P , 0.001, ****P , 0.0001 vs vehicle infusion; ## P , 0.01, ### P , 0.001, #### P , 0.0001 vs before infusion.
study, there were no differences in the amount of the senktide-induced GnRH release between the two developmental stages (Figs. 3 and 4) , despite the fact that the senktide-induced kisspeptin release was dose dependent in both developmental stages and the kisspeptin responses in pubertal females were larger than that in prepubertal females (Figs. 4 and 6) . In other words, similar to the kisspeptin responses to senktide, the GnRH responses to senktide were dose dependent within the same developmental stage, but between the two developmental stages, NKB signaling to GnRH release was not equal. Although the reason for this mistranslation remains unclear, it is speculated that after puberty onset, an inhibitory signal, such as b-dynorphin and/or b-endorphin (16, 17) , may be involved in the NKB and kisspeptin signaling network. Surprisingly, we found that the hKP10-induced GnRH release was blocked in the presence of SB222200 in pubertal monkeys, but not in prepubertal monkeys. Similarly, although the senktide-induced GnRH release was absent in the presence of P234 in pubertal monkeys, in prepubertal monkeys this was not the case and senktide induced GnRH release with a 20-minute delay. The reason for this delay is unknown. Although we did not directly examine whether P234 and SB222200 are respective antagonists for hKP10 and senktide in our system, it has been shown that P234 blocks action of kisspeptin in various animal models (18) and SB222200 is a selective and competitive NK3R antagonist (19) . Together, findings from the current study indicate that in prepubertal female monkeys, kisspeptin and NKB signaling modulate GnRH release independently (Fig. 9) . In contrast, in pubertal monkeys, kisspeptin and NKB neurons form a network and this network influences GnRH release more effectively. The formation of this network after puberty onset allows the transmission of NKB signaling through kisspeptin neurons and kisspeptin signaling through NKB neurons (Fig. 9) . Perhaps this reciprocal signaling mechanism between kisspeptin and NKB neurons further augments the pubertal increase in GnRH release.
One can argue that the difference between prepubertal and pubertal monkeys is due to the difference in circulating levels of estradiol, because this study was conducted in monkeys with intact ovaries. However, preliminary data indicate that in adult ovariectomized monkeys, (1) senktide (0.1 mM) induced GnRH release with a similar magnitude as ovarian-intact pubertal monkeys, (2) the senktide-induced GnRH release was not blocked by P234, and (3) senktide failed to induce kisspeptin release (Garcia and Terasawa, unpublished data). These preliminary observations are consistent with our previous study showing that hKP10 did not induce GnRH release in pubertal ovariectomized monkeys (10) . Therefore, during the developmental stage, while NKB signaling to GnRH release is less dependent on the circulating estradiol, kisspeptin signaling to GnRH release is heavily dependent on circulating estradiol. Consequently, the absence of interaction between kisspeptin and NKB signaling in prepubertal female monkeys may, in part, be due to low levels of circulating estradiol. Further studies are necessary to confirm this speculation.
As described previously, the area within the hypothalamus where samples are collected and the drugs are infused with the microdialysis probe is confined (15, 20) . Therefore, it is reasonable to assume that the action of senktide, SB222200, hKP10, and P234 infusions are limited to the S-ME, as shown in the mapping study of microdialysis probe tips (Fig. 1) . Although a small number of cell bodies of GnRH, kisspeptin, and NKB neurons are present in the S-ME (21) (22) (23) , it is likely that most interactions between GnRH neurons and kisspeptin and NKB neurons take place at terminal fibers in the S-ME. In fact, dense GnRH and kisspeptin fibers are found in the ME of mice, horses, goats, monkeys, and humans, and studies with confocal microscopy indicate a close proximity between GnRH and kisspeptin fibers (22, (24) (25) (26) (27) . Similarly, dense GnRH and NKB fibers are also present in the ME and colocalization of NK3R on GnRH fibers is also shown (23, 27) . Moreover, using fast-scan Figure 9 . Schematic diagram showing the developmental changes in kisspeptin (red) and NKB (blue) signaling to GnRH neurons in the S-ME in prepubertal and pubertal female monkeys. During the prepubertal period, kisspeptin and GnRH neurons are under tonic inhibition by substrates such as g-amino butyric acid, neuroestradiol, MKRN3, and GATA1. X between kisspeptin and NKB neurons indicates the absence of signaling pathways, and the blue, red and black dots indicate relative amount of neuropeptide release. Kisspeptin signaling to NKB neurons is hypothetical; we did not measure the kisspeptin-induced NKB release. cyclic voltammetry, senktide was shown to induce GnRH release in the ME in kisspeptin knockout mice (28) , suggesting that stimulation of GnRH fibers in the ME by senktide, independent from kisspeptin signaling, is sufficient for GnRH release.
Based on the findings in rodents and ruminants that nearly 100% of kisspeptin neurons in the arcuate nucleus (ARC) express NKB and dynorphin (29, 30) , and stimulatory kisspeptin and NKB signaling and inhibitory dynorphin signaling appear to form a GnRH pulsegenerating network (5, (30) (31) (32) , this group of neurons in the ARC has been named KNDy neurons (29) . Interestingly, a recent study showing that kisspeptin, NKB, and dynorphin are packaged in separated vesicles in the cell bodies located in the ARC and fibers in the median eminence of adult female rats suggests that each respective neuropeptide can be released independently upon proper stimuli (33) . In primates, however, the reciprocal signaling mechanism between kisspeptin and NKB neurons may not occur in KNDy neurons per se, as the coexpression rates of kisspeptin and NKB in the ARC in monkeys and humans are not as high as that seen in rodents and ruminants (13, 27) . Nevertheless, the present finding suggests that collaboration of kisspeptin and NKB neurons augments the pubertal increase in pulsatile GnRH release in female monkeys.
In addition to kisspeptin and NKB neurons in the ARC, there is another group of kisspeptin neurons in the anterior ventricular periventricular nucleus (AVPV), which are sexually dimorphic in rodents (34) and indispensable for estrogen's positive feedback effect on the GnRH/LH surge (35) . Recently, the presence of kisspeptin neurons in the AVPV was identified in the monkey brain and their upregulation at the GnRH/LH surge has been reported (36, 37) . Importantly, however, kisspeptin neurons in the AVPV are not sexually dimorphic in gonadally intact and gonadectomized, estrogen-treated male and female monkeys (36, 37) , suggesting a clear species difference in the developmental origin, and perhaps function, of AVPV kisspeptin neurons. The role of AVPV kisspeptin neurons in puberty needs further investigation.
Despite the finding from present study showing that the establishment of a reciprocal network formation between kisspeptin and NKB neurons promotes the pubertal increase in GnRH release, it is unlikely that the pubertal changes in kisspeptin and NKB signaling are responsible for puberty onset. In primates, removal or reduction in "central inhibition" is a prerequisite for puberty onset (38, 39) . GnRH neurons are active during the neonatal period, but they are suppressed by gonadal steroid-independent "central inhibition" during the prepubertal period. We previously proposed that g-amino butyric acid and neuroestradiol could be the neural substrate for central inhibition (33, (40) (41) (42) . Others also reported that makorin ring finger protein or the zinc-finger protein GATAD1 (43, 44) are possible candidates for the inhibitory neural substrate. The precise mechanism of the reduction in central inhibition and subsequent increases in stimulatory signaling for GnRH release initiating puberty are currently unknown. Nevertheless, the findings of the current study suggest that although in prepubertal female monkeys, kisspeptin and NKB signaling stimulate GnRH release independently, after puberty onset, the network between kisspeptin and NKB neurons is formed and signaling from this network further accelerates the pubertal increase in GnRH release.
